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The behav ior  of  coming to  th e  s u r fa c e  of  the water  to  gulp a i r  by 
members of  the genus L ep i so s teu s  has been desc r ibe d  by many obse rve rs  
(Poey,  1858; L. A gass iz ,  1859; A. A gass iz ,  1879; Wi lder,  1876, 1877;
Mark, 1890; M orr is ,  1892; S u t tk u s ,  1963) and such behavior has g e n e ra l ly  
been r e l a t e d  to r e s p i r a t o r y  c o n s i d e r a t i o n s .
The r e s p i r a t o r y  fu n c t io n  o f  the  swimbladder and the phenomenon of 
a e r i a l  b r e a t h i n g  in  gars  has been s tu d ie d  by s ev e ra l  i n v e s t i g a t o r s .
P o t t e r  (1927) found t h a t  longnose (L. o s se us ) and shor tnose  (L. p l a t o s t o - 
mus) gars  t h a t  had been depr ived  o f  the a b i l i t y  to gulp a i r  i n t o  the  swim­
b la d d e r  d ie d  in  a m a t te r  o f  hours  when p laced  in to  deoxygenated w a te r ,  bu t  
s u rv ived  f o r  s e v e r a l  days in w e l l  a e r a t e d  w a te r .  On the o th e r  hand,  f i s h  
cou ld  l i v e  up to  twenty days in  oxygen d e p l e t e d  water  i f  they were al lowed 
t o  gulp a i r .  These r e s u l t s  were e s s e n t i a l l y  d u p l i c a te d  by McCormack (1967) 
working w i th  a d i f f e r e n t  s p e c i e s  of  gar (L. p la ty r h in c h u s ) .
In r e c e n t  y e a r s ,  a e r i a l  r e s p i r a t i o n  i n  gars  has been the  o b j e c t  of 
v a r io u s  s t u d i e s  conducted by i n v e s t i g a t o r s  a t  the U n iv e r s i t y  of  Oklahoma. 
Saksena (1963) dev ised  a method of  remotely  r eco rd ing  the r a t e s  of  a e r i a l
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b r e a t h in g  of  longnose ga r ,  and s p o t te d  gar .  I n c r e a s e s  in  r a t e s  of a e r i a l  
b r e a t h in g  were c o r r e l a t e d  with  i n c re a s in g  tem pera tu re ,  h ighe r  l e v e l s  of 
a c t i v i t y  and f e e d in g .  Rates  of a e r i a l  b r e a t h in g  were g e n e r a l l y  s l i g h t l y  
h ighe r  a t  n i g h t  than  dur ing  d a y l ig h t  hours .  Winston (1967) observed 
many of these  same responses  in s im i l a r  experiments invo lv ing  a l l i g a t o r  
gar  L. s p a t u l a . Both he and Saksena f e l t  t h a t  the r a t e  of a e r i a l  b r e a t h ­
ing was a f u n c t i o n  of  the me tabo lic  r a t e  of  the  gars  under the v a r io u s  
exper imenta l  c o n d i t i o n s .
Renfro  (1968) u s ing  longnose,  s po t te d  and a l l i g a t o r  gars  in  a v a r i e t y  
of experiments  concern ing  a e r i a l  r e s p i r a t i o n ,  r e p o r t e d  a number of observa­
t i o n s .  Young-of-year longnose and spo t ted  g a r s ,  depr ived  of  atmospheric  
gas exchange,  e x h i b i t e d  average oxygen consumptions a t  r a t e s  almost  ten 
t imes g r e a t e r  than  those o f  a d u l t  an imals t e s t e d  by P o t t e r .  These juve­
n i l e  f i s h e s  were t o l e r a n t  of  d i s so lv ed  oxygen c o n c e n t r a t i o n s  as low as 
2.45 p a r t s  per  m i l l i o n  (ppm). Using a e r i a l  b r e a t h i n g  r a t e s  as an index 
of m e tabo l ic  a c t i v i t y ,  he found t h a t  s p o t te d  gar  r e q u i r e  a s  much as 54 
hours to  r eco v e r  from han d l in g  and t h a t  a l l i g a t o r  gar  r e q u i r e  between 48 
and 72 hours  t o  a d j u s t  to temperature changes 5-10 F. Renfro  observed no 
i l l  e f f e c t s  on gars  depr ived  of a e r i a l  gas exchange as long  as  the d i s ­
solved oxygen c o n c e n t r a t i o n  of  the ambient w ate r  was main ta ined  a t  or 
above 5 ppm a t  21 C. The h y d r o s t a t i c  n a tu re  of  the swimbladder of gars  
was a l s o  dem onst ra ted .
To d a t e ,  the  c a p a b i l i t y  of gars  to  take up oxygen by way of  t h e i r  
g i l l s  has been l i t t l e  i n v e s t i g a t e d .  The purposes  of  the p r e s e n t  s tudy  
were tw o- fo ld .  The f i r s t  was to  measure me tabo l ic  r a t e s ,  b r a n c h ia l  r e s ­
p i r a t o r y  volumes and per ce n t  uptake of a v a i l a b l e  oxygen us ing  an exper i -
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mental d e s ig n  which l im i t e d  the  access  of  gars  to a tmospher ic  oxygen. 
Such exper iments  were conducted a t  s e v e r a l  d i f f e r e n t  tempera tu res  and 
over a range  of moderate to h igh  d i s s o lv ed  oxygen co n c e n t r a t i o n s  in  the 
ambient  w a te r .
The second o b je c t iv e  was to i n v e s t i g a t e  the  s t r u c t u r e  and a r r a n g e ­
ment of the  g i l l  appara tus  of  gars and to  e s t i m a t e  the amount of r e s p i r ­
a t o ry  s u r f a c e  a rea  a f fo rded  by these  s t r u c t u r e s .
CHAPTER I I  
MATERIALS AND METHODS
All  gars  used in t h i s  s tudy  were c o l l e c t e d  from Lake Texoma, an im­
poundment of  the  Red and Wachita r i v e r s  on the border  between Texas and 
Oklahoma. A du l t  f i s h e s  (285-820 g) were obta ined  from g i l l - n e t s  or  by 
e l e c t r o - f i s h i n g .  Young-o f-year  gars  used fo r  the g i l l  a r e a  s t u d i e s  were 
c o l l e c t e d  by d i p n e t  and s e i n i n g .  The gars were m a in ta ined  in  l a r g e  con­
c r e t e  or meta l  tanks  in  w e l l  a e r a t e d  wate r .  The f i s h e s  were fed  r e g u ­
l a r l y  a d i e t  of  s i l v e r s i d e s  (Menidia audens) or  commercial b a i t  minnows. 
Adult  gars  were weighed to  the  n e a r e s t  f i v e  grams and a co lo r -c o d ed  d a r t  
tag  was i n s e r t e d  in to  the  muscu la tu re  a t  the caudal  base of  the  d o r s a l  
f i n  fo r  i d e n t i f i c a t i o n  pu rp o s es .  Young-of-year gars  were weighed to  the  
n e a r e s t  gram.
At the  t ime of weighing  and tagg ing ,  gars  to be used in  the  metabol­
ism experiments were equipped with  a po lye thy lene  cannula s l e e v e  to  which 
a g i l l  e f f l u e n t  cannula was l a t e r  a t t a c h e d .  This p rocess  involved  d r i l l ­
ing a small  ho le  through the  o p e rc u l a r  bone toward i t s  p o s t e r i o r  margin ,  
j u s t  l a rg e  enough to  pe rm i t  i n s e r t i o n  of  a one inch le n g th  of  P.E.  200 
Clay-Adams In t ram edic  tu b in g  through the hold and out  through the opercu­
l a r  s l i t .  The proximal end of  the tubing  was hea ted  with  a match f lame 
to  c r e a t e  an expanded f l a r e .  This  f l a r e d  end was drawn back f lu s h  with 
the i n t e r n a l  s u r f a c e  of  th e  operculum and f ix ed  in  p lace  by a c u f f  p o s i -
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F ig u re  1. Placement of  the cannula s l e e v e  through the  o p e rc u l a r  
bone of  a gar (A, s ide  view; B, top v iew ) .  P a r t  C 
shows the  d e t a i l  o f  the i n t e r n a l ,  te rm in a l  f l a r e  and 
the e x t e r n a l  p o s i t i o n i n g  c u f f .
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Cloned a g a i n s t  the e x t e r n a l  su r face  of the op e rc u l a r  bone (F igure  1) .
The placement o f  t h i s  s leeve  did n o t  appear to  i n t e r f e r e  with  the  normal 
o p e rc u l a r  movements of the f i s h e s .
The ope rcu la r  e f f l u e n t  cannula i t s e l f  was of P.E.  90 Clay-Adams poly­
e th y len e  tub ing .  The d iamete rs  o f  the  cannula and cannula s leev e  were 
such t h a t  by i n s e r t i n g  the former i n t o  the l a t t e r  a r a t h e r  snug connec­
t i o n  was achieved w i th  l i t t l e  or no leakage p robab le .
The des ign  of the exper imen tal  r e s p i ro m e te r  was a m o d i f i c a t io n  of 
t h a t  d e sc r ib e d  by Saunders (1962),  and i s  shown in  F ig u re  2.
The h o r i z o n t a l  ho ld in g  compartment was a one meter  s e c t i o n  of  p l e x i ­
g l a s s  tu b in g  w i th  an i n s i d e  d iam ete r  of  10.2 cm. Two sm al le r  tubes  ( I .D.  = 
0.95 cm) were f i x e d  along  the o u t s id e  o f  the  ho ld in g  compartment 180 de­
g rees  a p a r t .  A s e r i e s  of small h o l e s  was d r i l l e d  to communicate the small 
tubes  w i th  the h o ld in g  compartment. The l a t e r a l  tubes  opened i n t o  a v e r t i ­
c a l  s t a n d p ip e .  Water was pumped from' a r e s e r v o i r  through a g la s s  wool f i l t ­
e r  to  t h e  overflow c o n t a in e r  and th e n  in to  the  v e r t i c a l  s t andp ipe  where i t  
was mixed.  The r a t e  of  f low through the  e n t i r e  system was r e g u l a t e d  by a 
screw clamp a t  the e f f l u e n t  end and was measured by a f lowmeter  or  by 
timed f i l l i n g  o f  a v e s s e l  of known volume. The g i l l  e f f l u e n t  cannula ,  
which was used to  sample wate r  t h a t  the f i s h  passed  over i t s  g i l l s ,  ex i ted  
through a p o r t  in  the  w a l l  of the h o ld in g  compartment.
A s t i r r e r ,  r o t a t e d  by a small e l e c t r i c  motor on the s t a n d p ip e ,  c rea ted  
an i n t e r n a l  c i r c u l a t i o n  w i th in  the  ho ld ing  compartment by drawing water  from 
the h o ld in g  compartment through the  small  tube connected below the  s t i r r e r  
b la d e s ,  which was r e p l a c e d  by water  mixed w i th  t h a t  coming from a la rge  
r e s e r v o i r  v i a  t h e  smal l  tube connected to the  s tandpipe  j u s t  above the 
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F ig u re  2. Schematic diagram o f  the  r e s p i ro m e te r  chamber: 1, i n l e t
from l a rg e  r e s e r v o i r  o f  a e r a te d  water ;  2 .  g la ss  wool f i l ­
t e r ;  3 ,  over f low r e s e r v o i r ;  4 ,  s t i r r e r  motor; 5,  v e r t i c a l  
s tan d p ip e ;  6,  h o r i z o n t a l  ho ld ing  compartment; 7,  f lowmeter;  
8 ,  overflow r e t u r n ;  9,  e x i t  p o r t  fo r  ope rcu la r  cannula.  
Arrows denote  d i r e c t i o n  of  w a te r  f lows.
Experimental  Procedure
The genera l  procedure  f o r  the  experiments was s i m i l a r  to  t h a t  f o l ­
lowed by Saunders (1962).  Gars t h a t  had p re v io u s ly  been weighed and 
equipped with  the o p e rc u l a r  cannula s leeve  were connected to the  g i l l  
e f f l u e n t  cannula and placed  i n t o  the ho ld ing  compartment of  th e  r e s p i r o ­
meter .  Water was pumped in t o  the system from the  l a rg e  r e s e r v o i r  com­
p l e t e l y  f i l l i n g  the h o ld in g  compartment. The r a t e  of  f low was s e t  a t  
a r a t h e r  high value  (1-2 l i t e r s / m i n ) .  A per iod  of twelve hours  was 
al lowed fo r  the f i s h  to  recover  from hand l ing  and to  a d j u s t  to  conf ine­
ment in  the chamber. At the end of  t h i s  t ime,  the f low r a t e  was s e t  a t  
a s p e c i f i e d  l e v e l  (70-1000 ml/min),  and success ive  samples of  wate r  
le av in g  the ho ld ing  compartment were c o l l e c t e d  and the  d i s s o l v e d  oxygen 
c o n c e n t r a t io n s  of  t h e s e  samples determined.  This  was done u n t i l  the 
d i s s o lv e d  oxygen l e v e l  in  the e f f l u e n t  wate r  s t a b i l i z e d .  When th i s  
p o in t  was reached ,  o p e rc u l a r  b r ea th in g  r a t e s  were recorded  and samples 
of  wate r  d e l i v e r e d  by the op e rc u la r  cannula taken .  The f low r a t e  of 
water  through the system was then ad ju s ted  to a d i f f e r e n t  l e v e l  and the 
process  r e p e a te d .
In  i n i t i a l  exper iments  conducted a t  20 C, a s e r i e s  of  sh o r tn o s e  and 
s p o t t e d  gars were t e s t e d .  Because the ho ld ing  compartment was complete ly 
f i l l e d  with wate r ,  a t t em p ts  to  perform a e r i a l  b r e a t h in g  motor p a t t e r n s  
were a p p a re n t ly  f r u s t r a t e d .  This appeared to have an e x c i t a t o r y  e f f e c t  
upon th e  animals which p e r s i s t e d  fo r  a per iod  of  10 to 14 hours  a f t e r  
t e s t s  were begun.
I t  was d iscovered  t h a t  t h i s  ex c i te d  s t a t e  was g r e a t l y  a l l e v i a t e d  by 
p e r m i t t i n g  an a i r  space to  remain above the animal in  the r e s p i r o m e t e r .
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which al lowed the  gar  to  perform i t s  a e r i a l  b r e a t h in g  behav io r .  A s e r i e s  
of t e s t s  under t h i s  c o n d i t i o n  was conducted  a t  the  same t e m p e ra tu re ,  on 
the assumption t h a t  the f i s h  would remove most, i f  no t  a l l  of the  oxygen 
in the a i r  space du r ing  the  12 hour ad jus tm en t  p e r io d .  Such d e p l e t i o n  
could no t  be v e r i f i e d  and t h e r e f o r e ,  an atmosphere of n i t r o g e n  gas  was 
u t i l i z e d  in a l l  subsequen t  exper iments .
Longnose and sh o r tn o se  gars of  s u i t a b l e  s ize  became u n a v a i l a b l e  dur­
ing the  course o f  the s tudy .  Most of  the r e s u l t s  of  i n v e s t i g a t i o n s  of 
g i l l  r e s p i r a t o r y  c h a r a c t e r i s t i c s  a r e  t h e r e f o r e  based upon exper iments  
conducted us ing  s p o t t e d  gar .
Computat ion Formulas and Symbols
The formulas  used to  c a l c u l a t e  the  va r io u s  g i l l  r e s p i r a t o r y  f a c t o r s  
a re i d e n t i c a l  to those r e p o r t e d  by Saunders (1962),  with the  e x c e p t io n  of 
the symbolism employed. D e f i n i t i o n s  of  symbols used in the  p r e s e n t  s tudy 
are as fo l lows:
CfO- “ C o n c e n t ra t i o n  of  d i s s o lv e d  oxygen in the  r e s e r v o i r  w a te r  
(cc 0 2 / l i t e r ) .
C^ 0 2  = C o n c e n t ra t i o n  of  d i s s o l v e d  oxygen in  w ate r  l e a v i n g  th e
system a t  e q u i l ib r iu m  ( i e .  t h a t  o f  w ate r  i n s p i r e d  by the 
f i s h ) .  (cc 0 2 / l i t e r )
C Q = D is so lved  oxygen c o n c e n t r a t i o n  o f  wate r  t h a t  had been  
passed  over the  g i l l s  a s  sampled by the  o p e rcu la r  can­
n u l a .  (cc O g / l i t e r )
= Flow r a t e  o f  w a te r  through  the  r e s p i ro m e te r  (ml /min) .
= R e s p i r a t o r y  volume ( m l / s e c ) .
Vq  ̂ = Oxygen consumption (cc O g / h r ) .
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Under e q u i l i b r i u m  co n d i t io n s :
Vq^ = (CpQ - (V„) (60 min/h r)  (1 l i t e r / 1 0 0 0  ml)
Vg = (Cj- 0 2  - CiOg) min/60 sec)
Ci02 '
% Uptake of a v a i l a b l e  oxygen = -  C^q ) X 100
CiÛ2
D isso lved  Oxygen Dete rm ina t ions
The az ide  m o d i f i c a t i o n  of  the  Winkler  method of  d i s s o lv e d  oxygen 
d e t e rm in a t io n  was u t i l i z e d .  The r e a g e n t s  were p repa red  a c c o rd in g  to  the 
o u t l i n e s  r e p o r t e d  by the American P u b l ic  Health  A s s o c i a t i o n  (1955) .
Samples (150 ml) of system e f f l u e n t  w ate r  were t i t r a t e d  a g a i n s t  
0.025 N sodium t h i o s u l f a t e  d e l i v e r e d  by a 50 ml b l u e - l i n e  b u r e t t e .  The 
6 ml samples of  g i l l  e f f l u e n t  w ate r  were t i t r a t e d  a g a i n s t  0.0025 N t h i o ­
s u l f a t e  d e l i v e r e d  by a micrometer  b u r e t t e  of 2 .0  ml c a p a c i t y  wi th  u n i t s  
of  0.01 ml. These small samples were a c i d i f i e d  with  o r th o -p h o s p h o r ic  
ac id  r a t h e r  than w i th  co n ce n t ra te d  s u l f u r i c  a c i d  to  reduce  the p o s s i b l e  
lo s s  of  iod ine  due to h e a t i n g  (Fox and W in g f i e ld ,  1938).
The t h i o s u l f a t e  s o l u t i o n s  were s t a n d a rd i z e d  f r e q u e n t l y  and checked 
a g a i n s t  common w a te r  samples to make sure  they rendered  comparable d e t e r ­
m ina t ions .
Temperature
Gars,  a t  l e a s t  in  Lake Texoma, may be exposed to  a wide range  of  
s easona l  env i ronmenta l  t em pera tu res ;  from l e s s  than 50 F d u r in g  the  w in te r  
to a t  l e a s t  90 F d u r in g  the  summer months (G r in s tead  1965).  This  f a c t ,  
a long  w i th  the  in fo rm a t io n  a v a i l a b l e  on the a e r i a l  r e s p i r a t o r y  behav io r  of
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gars  with  r e s p e c t  to  tem pera tu re  changes,  sugges ted  t h a t  experiments con­
cern ing  g i l l  r e s p i r a t o r y  c a p a b i l i t i e s  should be conducted a t  s e v e r a l  d i f f ­
e r e n t  tempera ture  l e v e l s .  Temperatures used in  the p r e s e n t  s tudy were 12 C, 
20 C and 30 C.
Experimental  an imals  were main ta ined  a t  th e se  s e l e c t e d  tempera tures  
fo r  pe r iods  of  a t  l e a s t  two weeks before  being  t e s t e d  in  the  r e s p i r o m e te r .  
Gars with  a r e c e n t  thermal h i s t o r y  d i f f e r e n t  from any p a r t i c u l a r  t e s t  
l e v e l  were brought to  t h a t  te m pera tu re  a t  a r a t e  of  change of 1.0 C per 
day,  be fo re  the two week ad ju s tm en t  per iod  was begun. Beamish (1964) used 
a s i m i l a r  " a c c l im a t io n "  procedure  in metaboli c  s tu d i e s  of s e v e ra l  spec ies  
of  f i s h e s .  This  procedure  was compatib le with the r e s u l t s  of  a c c l im a t io n  
s tu d i e s  by Renfro (1968) in v o lv in g  a l l i g a t o r  g a r .
G i l l  Area Determinat ions
In t h i s  p o r t i o n  of the s tu d y ,  g i l l  m a t e r i a l  from longnose,  sho r tnose  
and s p o t te d  gars  was examined.
The s i t e s  of  f u n c t i o n a l  gas exchange of  th e  g i l l  of  most f i s h e s  a re  
the e p i t h e l i a l  s u r f a c e s  of t h e  secondary l a m e l l ae  of  the  g i l l  f i l a m e n t s  of  
the b ran ch ia l  a rches  (Hughes and S he l ton ,  1962; L a g le r ,  Bardach and M i l l e r ,  
1962). To o b ta in  e s t i m a t e s  of  the t o t a l  a rea  o f  the  secondary  lamel lae  of  
g a r s ,  a combination of the methods r e p o r te d  by Gray (1954) ,  Hughes (1966) 
and Saunders (1962) was employed.
The four  g i l l  a rches  from the l e f t  s id e  o f  the b r a n c h i a l  chamber 
were c a r e f u l l y  d i s s e c t e d  from f r e s h l y  s a c r i f i c e d  an imals .  This g i l l  ma­
t e r i a l  was placed  immedia tely in t o  a s o l u t i o n  of  10% fo rm al in .  A l l  counts  
and measurements were made w i t h i n  s e v e ra l  hours  a f t e r  removal of  the g i l l  
a r c h e s .
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The g i l l  f i l a m e n t s  a r e  a r ranged  in two rows on each a r c h ,  the a n t e r ­
io r  and p o s t e r i o r  hemibranchs.  The number of  f i l a m e n t s  of  each hemi- 
branch on each of  the  four a rches  was counted.  This  t o t a l  was doubled to 
y i e l d  the  number o f  f i l a m e n t s  of  the  e n t i r e  g i l l  network.  Average f i l a ­
ment l e n g th  was c a l c u l a t e d  on the  b a s i s  of the  leng th  of  every  ten th  f i l a ­
ment of  the  a n t e r i o r  hemibranch of  each a rc h ,  as  measured by a c a l i b r a t e d  
o cu la r  micrometer  of  a d i s s e c t i n g  microscope.  The number of  secondary 
l a m e l l ae  con ta in ed  in  s e l e c t e d  one m i l l i m e t e r  segments of the se  same f i l a ­
ments was counted .  Sev e ra l  secondary  lam el lae  from reg ions  about  one t h i r d  
and two th i rd s - 'o f  the  d i s t a n c e  from the  base were d i s s e c t e d  from f i l am en t s  
l o c a te d  nea r  the d o r s a l ,  midd le  and v e n t r a l  p a r t s  of  each g i l l  a rch .  These 
r e p r e s e n t a t i v e  l a m e l l a e  were drawn in  o u t l i n e  on c a l i b r a t e d  graph paper with  
the a i d  of  a camera l ü c id a  a f f i x e d ,  to  a  compound microscope .  The a rea s  of 
the lamei' lae were e s t im a te d  by coun t ing  the  number of  squares of the graph 
paper  i n c lo s e d  by the  o u t l i n e s .  Since  both s id e s  of  the p l a t e - l i k e  lamel­
la e  a r e  exposed t o  the  v e n t i l a t i o n  c u r r e n t ,  t h e s e  a re a s  were doubled.
The t o t a l  g i l l  a rea  of  t h e  f i s h  examined - could then be c a l c u l a t e d  by 
m u l t i p l y in g  t o g e t h e r  the v a l u e s  of  t o t a l  number of  f i l a m e n t s ,  mean f i l a ­
ment l e n g th ,  mean number of  secondary  lam el lae  per  m i l l i m e t e r  f i l am en t  
leng th  and t h e i r  average  a r e a s .
There i s  a w e l l  developed pseudobranch t h a t  i s  i n t i m a t e l y  a t t ach e d  to 
the inner  s u r f a c e  of  each o p e rc u l a r  bone of  g a r s .  I t  i s  s i m i l a r  in s t r u c ­
t u r e  to  a s in g l e  hemibranch w i th  what appear to  be secondary lamel lae  a t ­
tached to i t s  f i l a m e n t s .  The pseudobranch i s  covered by a t h i n  t r a n s p a r ­
en t  membrane. Because of  d i f f i c u l t y  in  d i s s e c t i n g  these  s t r u c t u r e s  and 
t h e i r  u n c e r t a i n  r o l e  in gas exchange in  the  u s u a l  sense (Lag le r  e t  a l . ,
1962),  t h e i r  c o n t r i b u t i o n  to the  t o t a l  g i l l  a r e a  of  these  f i s h e s  was no t  
cons ide red .
CHAPTER III
RESULTS
Resp iromete r  Experiments 
Atmosphere E f f e c t s  
I n i t i a l  d e t e r m in a t io n s  of metaboli c  r a t e ,  g i l l  r e s p i r a t o r y  volume, 
per  cen t  u t i l i z a t i o n  of a v a i l a b l e  oxygen and ob s e rv a t io n s  of  ope rcu la r  
b r e a t h in g  r a t e  were performed u s in g  shor tnose  and s p o t t e d  ga rs  a t  20 C, 
w i th  no atmosphere p r e s e n t  in the  ho ld ing  compartment o f  the  r e s p i r o ­
mete r  chamber. These o b s e rv a t io n s  and d e te rm in a t io n s  sugges ted  t h a t  
t h e s e  f i s h e s  were a d d i t i o n a l l y  s t r e s s e d  by the  absence  o f  an atmosphere 
which preven ted  a e r i a l  b r e a t h in g  behavior .  Comparisons of  the  da ta  from 
th e se  animals w i th  those  from o th e r  gars  t e s t e d  a t  the  same te m pera tu re ,  
bu t  with e i t h e r  a cond i t ioned  a i r  or  n i t r o g e n  atmosphere tended to sup­
p o r t  t h i s  h y p o th e s i s .  Animals depr ived  of  an atmosphere g e n e r a l l y  had 
much h ighe r  r a t e s  of  o pe rcu la r  movements, h igher  v a lu es  of r e s p i r a t o r y  
volume, lower l e v e l s  of per  cen t  u t i l i z a t i o n  and h ig h e r  me tabo l ic  r a t e s  
than  did the f i s h e s  provided  w i th  e i t h e r  type of atmosphere (Table 1) .  
A l l  da ta  were accumulated a f t e r  comparable pe r iods  of  confinement in  the 
r e s p i ro m e te r  and a t  s i m i l a r  l e v e l s  of d i s so lv ed  oxygen in  the  ambient 
w a te r s .
P a i red  t - t e s t s  (Table 2) of  the means o f  me tabo l ic  r a t e s  of  f i s h e s  
under each exper im en ta l  c o n d i t i o n  in d i c a te d  t h a t  an imals  t e s t e d  w i thou t
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Table  1. Mean v a lu e s  of  r e s p i r a t o r y  volume (Vg) In m l / s e c ,  per  c e n t  up take  of  
a v a i l a b l e  oxygen (%U), o p e r c u l a r  b r e a t h i n g  r a t e s  (OR) i n  b r e a t h s / m i n  
and m e ta b o l i c  r a t e s  (VQ2 /kg )  o f  s h o r t n o s e  ( L .p . )  and s p o t t e d  ( L .o . )  
g a r s  a t  20 C under v a r i o u s  atmosphere c o n d i t i o n s  i n  th e  r e s p i r o m e t e r .
Numbers o f  o b s e r v a t i o n s a r e  in p a r e n t h e s e s .





C ond i t ioned  Air  Atmosphere 
V 7oU OR Ogg/kg
N i t ro g e n  Atmosphere 
Vg 7oU OR Vgg/kg
L.p . 1 640 8.54 39.5 49 .3 52.07 3.96 4 8 .0  37.5 41 .28
(3) (4)
L .p . 2 740 12.54 30 .3 46 .0 53 .60
(2)
L .p . 3 625 7.64 29.4 51.2 46 .90 2.05 79.0 20.2 29 .13
(4) (4)
L .p . 4 570 1.64 54.0  23.0 43.47
(4)
L .o . 1 550 10.56 31.4 57 .0 69.10
(2)
L .o . 2 820 13.72 22 .9 45 .5 43 .76
(2)
L .o . 3 795 8.79 45 .4 42 .8 57.92
(4)
L .o . 4 570 1.77 75 .6  19.5 39.85 2.39 66.6 21.2  35.14
(4) (4)
L .o . 5 290 1.82 59 .0  28.0 49 .65 1.21 52.4 24 .8  36.75
(4) (5)
L .o . 6 500 8.70 31 .4  33.5 59.10 8 .20 23.0 28 .0  45 .14
• (4) (4)
L .o . 7 480 2.36 64.0 29.5 48.47
(4)
Grand Means 10.30 33.15 4 8 .6 53 .46 3.32 57 .8  27.0 43.75 3.54 51.5 25 .9  41 .10
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Table 2. R e s u l t s  of  p a i re d  t - t e s t s  of the o v e r a l l  mean v a lu e s  of  
oxygen consumption (V^^/kg) of  experiments u s i n g  v a r io u s  
atmosphere c o n d i t io n s  in vo lv ing  shor tnose  and s p o t t e d  
gars  a t  20 C.
P a i r e d  Atmosphere Mean S tandard  N




Condi t ioned A ir
53.46 + 2.55 17
43.75 + 2.55 24
3.089 39 < 0 . 0 1
No Atmosphere 
N i t rogen
53.46 + 2.55 17
41.10 + 2.53 17
3.442 32 < 0.01
Condit ioned  A ir  
N i t rogen
43.75 + 2.55 24
41.10 + 2.53 17
0.719 39 0.40<P<0.50
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an atmosphere had s i g n i f i c a n t l y  h ighe r  l e v e l s  of  oxygen consumption than 
those  ma in ta ined  under e i t h e r  a cond i t ioned  a i r  or  n i t r o g e n  atmosphere 
(P<0.01) ,  and f u r t h e r ,  t h a t  th e re  was no s i g n i f i c a n t  s t a t i s t i c a l  d i f f e r ­
ence in  the m e tabo l i c  r a t e s  between f i s h e s  i n v e s t i g a t e d  under the l a t t e r  
two c o n d i t io n s  (0 .40<P<0.50) .
Temperature E f f e c t s
The r e s u l t s  of  exper iments  conducted a t  12 C, 20 C and 30 C concern­
ing  the  v a r io u s  g i l l  r e s p i r a t o r y  components a r e  summarized in  Appendix 
Table 1.
At 12 C, r a t e s  of  oxygen consumption of  s p o t t e d  gar averaged about  
20 cc O^/kg /hr (Figure  3 ) .  This mean va lue  would be co n s id e ra b ly  lower,  
i f  the  r e s u l t s  ob ta ined  from one f i s h  (#11) were om i t ted .  This  p a r t i c u ­
l a r  animal d ie d  two days a f t e r  i t s  use in  the  exper imen t and examination 
of i t s  g i l l s  r e v e a le d  t h a t  i t  c a r r i e d  a heavy i n f e s t a t i o n  of  m i c r o f i l a r -  
i a l  blood p a r a s i t e s .  The d i sea sed  c o n d i t io n  o f  t h i s  f i s h  may have had 
an e f f e c t  upon i t s  m e tabo l i c  r a t e  as measured in  the  r e s p i r o m e t e r ,  which 
was approx im ate ly  tw ice those  measured fo r  any o th e r  f i s h  a t  t h i s  tem­
p e r a t u r e .  Oxygen consumptions measured in  the o the r  gars  ranged from 
about  5 cc 0 2 / k g / h r  to  a lmos t  23 cc Og/kg/hr .
Within  t h e  group o f  s p o t t e d  gar t e s t e d  a t  20 C, o v e r a l l  oxygen con­
sumption was about  41 cc Og/kg/hr.  The h i g h e s t  r a t e  measured a t  t h i s  
tempera tu re  was almost  62 cc Og/kg/hr.  P o t t e r  (1927) r e p o r t e d  a mean 
v a lu e  of  36 .9  cc C^ /kg /h r  of oxygen consumption f o r  an u nd isc lo se d  num­
ber of  longnose and s h o r tn o s e  gars of  comparable s i z e  a t  about  20 C, 
a p p a r e n t ly  u n r e s t r a i n e d  with  regard  to a e r i a l  gas exchange.  Ranges of 


















T E M P E R A T U R E  ( ° C )
F ig u re  3. R e s u l t s  of  oxygen consumption measurements o f  spo t ted  gar  
a t  th e  s e l e c t e d  t e s t  te m pera tu re s .  V e r t i c a l  l i n e s  r e p r e ­
s e n t  the observed range ,  the h o r i z o n t a l  l i n e  i s  the  mean, 
t h e  s o l i d  bar  i s  the  s tandard  d e v i a t i o n  and th e  open ba r  
i s  the  s t a n d a r d  e r r o r .
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M etabol ic  r a t e s  of  th r e e  s p o t t e d  gar t e s t e d  a t  30 C in  the r e s p i r o ­
meter  ranged from 40 to  65 cc 0 2 / k g / h r  with  an o v e r a l l  average of about 
53 cc Og/kg/hr .
The r e l a t i o n s h i p  of  oxygen consumption of  s p o t t e d  gar to temperature 
i n d i c a t e s  t h a t  under the co n d i t io n s  and procedures  used in  these  e x p e r i ­
ments,  me tabo l ic  r a t e s  almost  doubled a f t e r  a long term change from 12 C 
to  20 C (Q^q = 1 . 7 ) .  A somewhat sm al le r  in c re a s e  in  the r a t e  of oxygen 
consumption accompanied the  temperature change from 20 C to  30 C (Q^g = 
1 .3 ) .  There were ove r laps  i n  i n d i v id u a l  o b s e rv a t io n s  of oxygen consump­
t i o n  of  f i s h  t e s t e d  a t  the  d i f f e r e n t  tempera tures .
The o p e rc u l a r  b r e a t h in g  r a t e s  o f  s p o t t e d  gar in c re a s ed  with  increment 
of  te m pera tu re .  The mean r a t e s  of  f i s h  a t  12 C ranged from 11.5 to 24.5 
b r e a th s  per  minute (B/min) with the h ig h e s t  va lues  aga in  e x h i b i t e d  by 
f i s h  #11.  The range  of  mean ope rcu la r  b r e a t h in g  r a t e s  of  gar a t  20 C was 
from 21 .2  to 29.5 B/min, and a t  30 C the r a t e s  had in c re a s e d  to a range 
o f  from 32.2  to 43 .0  B/min.
In g e n e r a l ,  the o p e rc u l a r  b r e a t h in g  r a t e  of  each f i s h  t e s t e d  in ­
c reased  as  th e  l e v e l  o f  d i s s o lv e d  oxygen in  the ambient  w a te r  of  the r e s ­
p i rom ete r  decreased .
E s t im a tes  of  r e s p i r a t o r y  volume of the exper imenta l  animals were 
ob ta ined  by c a l c u l a t i n g  the volume o f  v e n t i l a t i o n  w ate r  t h a t  would be
r e q u i r e d  to d e l i v e r  to the  animal the  amount of  oxygen (Vgg) a t  the mea­
sured  d i f f e r e n c e s  in d i s s o lv e d  oxygen c o n c e n t r a t i o n  between in s p i r e d  and 
exp i red  w a te r .
Mean r e s p i r a t o r y  volumes (ml /sec)  f o r  gar t e s t e d  a t  12 C ranged from 
0.26 to 5 .45 .  At 20 C, the range  i n  r e s p i r a t o r y  volume was from 1.21 to
8.20 and a t  30 C, from 2.85 to  21.60 m l /sec .
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The s t r o k e  volumes o f  the o percu la r  b r e a th s  were approximated by- 
d iv i d in g  the r e s p i r a t o r y  volume by the b r e a t h in g  r a t e  u s ing  comparable 
time i n t e r v a l s .  Within  the  group of f i s h  t e s t e d  a t  12 C, most va lues  
fo r  s t r o k e  volume f e l l  between one and seven m i l l i l i t e r s  per  b rea th  
(ml/B) with  v a l u e s  as low as 0.55 ml/B and as h igh  as 24 .6  ml/B r eco rd ­
ed. At 20 C, s t r o k e  volumes between 2 and 10 ml/B predominated ,  with 
one va lu e  as h igh  as 35.5  ml/B. The range in s t r o k e  volumes of f i s h  
t e s t e d  a t  30 C was from 3 .6  to 45.1 ml/B.
Ranges of mean v a lu e s  of  per  cen t  u t i l i z a t i o n  of  a v a i l a b l e  oxygen 
a t  12 C, 20 C and 30 C were 15-75%, 23-64% and 17-48% r e s p e c t i v e l y .
E f f e c t s  of  Disso lved  Oxygen C o n c e n t ra t i o n
In  a l l  of the  r e s p i r o m e te r  exper iments ,  th e  d i s s o lv e d  oxygen con­
c e n t r a t i o n  of  am bient  wate r  a t  eq u i l ib r iu m  was de te rmined  by the meta­
b o l i c  r a t e  of  t h e  f i s h  and by the r a t e  of f low of  w a te r  through the 
system. Water e n t e r i n g  the  r e s p i ro m e te r  from th e  r e s e r v o i r  was a t  or 
near  the  te m pera tu re  s a t u r a t i o n  p o i n t  with r e s p e c t  to  oxygen concen t ra ­
t i o n .  Since  s m a l l e r  amounts of  t h i s  s a t u r a t e d  w a te r  en t e re d  the system 
as the r a t e  of f low was reduced,  t h e r e  was l e s s  oxygen a v a i l a b l e  to the 
f i s h .  I n c r e a s e  in  tempera tu re  a l s o  reduces  the  s o l u b i l i t y  of  oxygen in  
wate r .
In  order  to  a t t a i n  e q u i v a l e n t  ranges  of  ambient  oxygen concen t ra ­
t i o n s  a t  the t h r e e  d i f f e r e n t  t em pera tu res ,  f low r a t e  l e v e l s  were s e t  a t  
p r o g r e s s i v e l y  h ig h e r  l e v e l s  f o r  t e s t s  conducted a t  the h ig h e r  tempera­
tu r e s  .
With in  each tempera tu re  group,  ranges  of  ambien t  d i s s o lv ed  oxygen 
c o n c e n t r a t i o n s  were q u i t e  comparable.  In g e n e r a l ,  as  the  ambient  oxygen
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l e v e l  in  the  r e s p i r o m e te r  f e l l ,  in c re a s e s  in r e s p i r a t o r y  volume, oper­
c u l a r  r a t e s  and oxygen consumption were recorded  w i th  accompanying de­
c r e a s e s  i n  v a lu es  of  per  cen t  uptake of oxygen (Appendix Table 1) .
These t r e n d s ,  however, were not  always c o n s i s t e n t .
Among groups ,  the  e f f e c t s  of te m pera tu re  upon the  m e tabo l ic  r a t e s
of the an imals  and upon oxygen s o l u b i l i t y  produced s l i g h t l y  lower l e v e l s
of ambient  oxygen c o n c e n t r a t i o n  in exper iments  conducted  a t  p r o g r e s s i v e l y  
h ig h e r  t e m p e ra tu re s ,  even with compensatory ad ju s tm e n t s  in  the f low r a t e .
I t  i s  p o s s i b l e ,  t h e r e f o r e ,  t h a t  the changes t h a t  occur in  the v a r i ­
ous param ete rs  of  g i l l  r e s p i r a t i o n  and oxygen consumption with  change in 
t e m pera tu re  may be p a r t i a l l y  due to  the se  small d i f f e r e n c e s  in  ranges  
of d i s s o l v e d  oxygen.
G i l l  S t r u c t u r e
The morphology o f  the g i l l  a p p a ra tu s  of the gars  examined in  t h i s  
p o r t i o n  o f  the  s tudy  i s  s im i l a r  to t h a t  of most f i s h  sp e c ie s  t h a t  have 
been p r e v i o u s l y  d e s c r ib e d  (Hughes and S he l ton ,  1962; Saunders,  1962; 
Lag le r  e t  a l . ,  1962; Gray, 1954).
The f i r s t  and second arches  a r e  v i r t u a l l y  the  same s i z e  w i th  about
the same number of g i l l  f i l aments  which are the same average l e n g th .
The t h i r d  and f o u r th  arches  e x h i b i t  p ro g re s s iv e  r e d u c t io n s  in  both  of 
these  r e s p e c t s .  There i s  a co rresponding  r e d u c t i o n  in  r e l a t i v e  s i z e  of 
the  g i l l  s l i t s  between the arches and the s l i t  p o s t e r i o r  to the  fo u r th  
a rch  i s  a lmos t  n o n - e x i s t a n t . There a re  s l i g h t l y  fewer f i l a m e n t s  on the 
p o s t e r i o r  hemibranch of  each arch than  on the a n t e r i o r  one.
A s t r i k i n g  f e a t u r e  of the g i l l s  of  gars  i s  the  presence  o f  an i n t e r -  
b r a n c h i a l  septum j o i n i n g  the f i l a m e n t s  of opposing  hemibranchs of  each
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a rc h .  The i n t e r b r a n c h i a l  septum extends  from the base to a d i s t a n c e  of  
o n e -h a l f  to  o n e - t h i r d  the f i l a m e n t  l e n g th .  The f i l am en t s  of th e  a n t e r i o r  
and p o s t e r i o r  hemibranchs a re  spaced a l t e r n a t e l y  a long  the g i l l  arches 
(F igure  4 ) .
The presence  of  such a septum is  n o t  uncommon in bony f i s h e s  (Fry ,  
1957).  This f e a t u r e  would p r ev en t  i n t e r d i g i t a t i o n  of the secondary lam el ­
la e  of  a d j a c e n t  f i l a m e n t s  as has been d esc r ib e d  by Hughes (1966) and 
would d i s t o r t  w a te r  f low in  the proximal r eg ion  of the f i l a m e n t s .  Presum­
a b l y ,  water  t h a t  has passed  over the l am el l ae  in  t h i s  a rea  courses  a long  
the septum outward and e x i t s  between the  t i p s  of  the  f i l am en t s  of the 
a n t e r i o r  and p o s t e r i o r  hemibranchs of  each a rch .
The leng th  of  i n d i v i d u a l  secondary  lamel lae  i s  p r o p o r t i o n a l  to  wid th  
of  th e  g i l l  f i l a m e n t  a t  any p a r t i c u l a r  p o i n t .  The f i l am en t s  a r e  s l i g h t l y  
narrower a t  the  bases  than in  the  middle .  The f i l a m e n t s  t a p e r  to a p o i n t  
a t  t h e i r  d i s t a l  ends .  The h e ig h t  of  the lamellae  i s  f a i r l y  co n s ta n t  along 
the leng th  of  the f i l a m e n t s ,  excep t  a t  the extreme t i p s .  The secondary 
l a m e l l ae  a re  t y p i c a l l y  oval  in shape th roughout ,  b u t  become more c i r c u l a r  
n e a r  the d i s t a l  ends of  the  f i l a m e n t s .
Microscopic exam ina t ion  of  u n s ta in e d  secondary lamel lae  and s e c t i o n s  
of  them s t a i n e d  w i th  e o s in  and H a r r i s '  hematoxylin  have shown th a t  the 
c a p i l l a r y  blood space  of these  s t r u c t u r e s  c o n s i s t s  of well  developed,  
p a r a l l e l  channels  a r c h i n g  from one end of  the  lam el l a  to the o th e r .
These channels  appear  to be formed by rows of  p i l l a r  c e l l s  between the 
e p i t h e l i a l  s u r f a c e s  o f  the  lam el lae  (F igure  5) .  There i s  l i t t l e  i n d i c a ­
t i o n  of  anas tomosis  between the c a p i l l a r y  channe ls .  In s e v e r a l  p r e p a r a ­






F i g u r e  4.  Schematic d iagram showing t h r e e  g i l l  f i l a m e n t s  d i s s e c t e d
from a g i l l  a r c h .  The exposed b a s a l  ends a r e  on the  l e f t .  
The s t i p p l e d  a r e a s  i n d i c a t e  the  p o s i t i o n  and e x t e n t  of  the  
i n t e r b r a n c h i a l  septum, ( a f a  - a f f e r e n t  f i l a m e n t a l  a r t e r y ;  
c s r  - c a r t i l a g e n o u s  s u p p o r t i n g  rod ;  e f a  - e f f e r e n t  f i l a ­
m en ta l  a r t e r y ;  s i  - s econdary  l a m a l l a e ) .
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F ig u re  5. Photomicrographs of  the  s t r u c t u r e  of the secondary  lamel­
l a e .  A, c r o s s - s e c t i o n  of  a g i l l  f i l a m e n t  between lamel lae;  
( s i )  expos ing the a f f e r e n t  (a fa )  and e f f e r e n t  ( e f a )  f i l a ­
mental  a r t e r i e s  and the  c a r t i l a g e n o u s  su p p o r t in g  rod (car )  
of  the  f i l am en t ;  B, p o r t i o n  of  a lam el la  a t  h ig h e r  magnif i­
c a t i o n  showing the  p a r a l l e l  c a p i l l a r y  blood channe ls  (cc) 
f i l l e d  w i th  oval  red  blood c e l l s  ( r b c ) ; C, s e c t i o n  through 
a l a m e l l a .
24
numerous r e d  blood c e l l s  were in a l a r g e  space w i t h i n  the b a s a l  element 
i t s e l f .  Vascu la r  connec t ions  between t h i s  space and e i t h e r  the  c a p i l l a r y  
channels  o r  th e  main a f f e r e n t  and e f f e r e n t  f i l a m e n t a l  a r t e r i e s  could not  
be e s t a b l i s h e d .
There were no d e t e c t a b l e  d i f f e r e n c e s  in  the s t r u c t u r e  and a r r a n g e ­
ment of  t h e  g i l l  appa ra tus  among the th r e e  spec ie s  of  gars  examined.
G i l l  Dimensions
The r e s u l t s  of the v a r io u s  counts  and measurements made to  de te rm ine  
the  g i l l  s u r f a c e  a r e a  of  specimens of  longnose,  sh o r tn o se  and s p o t t e d  gars  
a r e  con ta ined  in Table 3.
All  f i s h e s  examined,  r e g a r d l e s s  of  s i z e  or s p e c ie s  had approx im ate ly  
one thousand g i l l  f i l a m e n t s .  This  would i n d i c a t e  t h a t  the t o t a l  comple­
ment of  g i l l  f i l a m e n t s  develops  a t  a f a i r l y  e a r l y  s t a g e  (b e f o r e  two 
months of age) and t h a t  very  few, i f  any ,  g i l l  f i l a m e n t s  a r e  added a f t e r  
t h i s  t ime.
On th e  o th e r  hand,  the da ta  i n d i c a t e  t h a t  du r in g  growth of  the se  
f i s h e s ,  t h e  f i l a m e n t s  grow l o n g e r ,  more secondary lam e l l ae  deve lop ,  the 
secondary  lam el lae  i n c re a s e  in  s i z e ,  and become l e s s  c l o s e l y  spaced a long  
th e  g i l l  f i l a m e n t .
The r a t i o  o f  t o t a l  l a m e l l a r  a rea  to  body w eigh t  i s  no t  c o n s t a n t  d u r ­
ing  development,  bu t  d ec re a se s  with  i n c re a s e  in body s i z e  in  a l l  t h r e e  
s p e c ie s  o f  g a rs .
Table  3. R e s u l t s  o f  g i l l  a r e a  s t u d i e s
Body T o t a l  No. Mean F i l ,  
Spec ies  Weight F i lam en ts  Length
(g) (nun)
Mean 2nd, 
L am el lae /  
mm F i lament
Mean Area T o t a l  No.
2nd.  Lamella 2nd.  Lamellae 
(mm )
T o t a l  Area T o t a l  Area
2nd. Lamel lae Body ^ e i g h t  
(mm^) (mm /g )
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The o r i g i n a l  exper imenta l  des ign  of the r e s p i r o m e te r  exper iments  
p reven ted  e n t i r e l y  the c a p a b i l i t y  of  gars  to  e x t r a c t  oxygen from an atmo­
sphere v i a  the swimbladder, by complete ly f i l l i n g  the ho ld ing  compart­
ment w i th  water  dur ing  the e n t i r e  course of  the t e s t s .  The p r e l im in a ry  
exper im en ts ,  conducted in  t h i s  f a s h io n ,  r e v e a le d  t h a t  the  absence  of  an 
atmosphere had an e x c i t a t o r y  e f f e c t  upon the a c t i v i t y  of  the g a r s  which 
was r e f l e c t e d  by oxygen consumption values  and o p e rc u la r  b r e a t h i n g  r a t e s  
s i g n i f i c a n t l y  in  excess of  what might be cons idered  a s  "normal".
The p r o v i s io n  of an atmosphere,  even one c o n s i s t i n g  i n i t i a l l y  of 
pure n i t r o g e n  would permi t  a c e r t a i n  amount of atmospher ic  oxygen to 
become a v a i l a b l e  to the f i s h  in the r e s p i ro m e te r .  Oxygen w i l l  d i f f u s e  
ac ro ss  the  a i r - w a t e r  i n t e r f a c e  a t  a r a t e  determined by the s u r f a c e  area  
of the i n t e r f a c e  and by the p a r t i a l  p re s s u re  d i f f e r e n c e  between oxygen 
d i s s o lv e d  in  the  water  and t h a t  of the oxygen c o n c e n t r a t i o n  of  the  atmo­
sphere above the  wate r .
Thorpe and Crisp (1947) in v e s t i g a t e d  the phenomenon of p l a s t r o n  r e s ­
p i r a t i o n  of  c e r t a i n  a q u a t i c  i n s e c t s ,  a mechanism which involves  many con­
s i d e r a t i o n s  p a r a l l e l  to  those imposed by the e x i s t e n c e  of  an a i r - w a t e r  
i n t e r f a c e  in  the r e s p i ro m e te r  dur ing  the v a r io u s  exper iments .  Severa l  
hemipteran and co l e o p te ra n  aq u a t ic  in s e c t s  a re  capable  of d e r i v i n g  t h e i r
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oxygen requirements  from the amounts of  t h i s  gas t h a t  d i f f u s e  from the 
water ac ro s s  the a i r - w a t e r  i n t e r f a c e  of  a bubble t rapped by a network of 
h a i r - l i k e  b r i s t l e s  in the abdominal r eg io n .  As oxygen i s  removed from 
the bubble through r e s p i r a t i o n ,  i t  i s  rep laced  by d i f f u s i o n  from the s u r ­
rounding water .  Thorpe and C r isp  have rep resen ted  t h i s  d i f f u s i o n  process  
mathematical ly  by the fo l l o w in g  r e l a t i o n s h i p :
dO = A i ^  (P _  P ) ,
d t
where dO/dt  i s  the r a t e  of  oxygen d i f f u s i o n ,  A is  the  su r fa c e  area  of  the 
i n t e r f a c e ,  i^  i s  the  " in v a s io n  c o e f f i c i e n t "  of  oxygen ac ros s  the i n t e r ­
face and P^ and P^ are the t e n s io n s  of  oxygen on e i t h e r  s ide  of the i n t e r ­
face .  The value  of  the in v a s i o n  c o e f f i c i e n t  p resen ted  by the se  workers
2
i s  0.029 cc 0^ a t  N.T.P./cm /min/a tmosphere.
With r e s p e c t  to  the c o n d i t io n s  of  t h i s  r e l a t i o n s h i p  t h a t  may p r e v a i l
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i n  the r e s p i ro m e te r  A = _ca. 500 cm , P^ = 0 .2  atm 0^ in water  a t  s a t u r a ­
t i o n ,  and ? 2  = 0 atm 0£ in  atmosphere i n t i a l l y .  I n t e r g r a t i n g  t h i s  f o r ­
mula to determine the time r e q u i r e d  f o r  d i f f u s i o n  of  oxygen to  c r e a t e  a 
p a r t i a l  p re s su re  of  t h i s  gas in  the a tmospher ic  space to  99% of the p a r ­
t i a l  p r e s s u re  of oxygen in  the water  a t  equ i l ib r ium  y i e l d s  a va lue  of 
about  28 minutes ,  i f  the  i n i t i a l  p a r t i a l  p res su re  of oxygen in  the space 
i s  ze ro .
P o t t e r  (1927) c a l c u l a t e d  t h a t  a 600 g gar  has a swimbladder volume 
c a p a c i ty  of  50 cc and t h a t  a t  each a e r i a l  b r e a t h ,  about  50% of  the  oxy­
gen con ta ined  by t h a t  volume i s  e x t r a c t e d .  I f  the p a r t i a l  p r e s s u r e  of 
oxygen in  a i r  i s  160 mm Hg, then  a t  each b r e a t h ,  the f i s h  may take up 
as much as 5 cc Og (50 cc X 160/760 X 0 . 5 ) .  The volume of the a i r  in 
the r e s p i ro m e te r  was approx im ate ly  one l i t e r ,  t h e r e f o r e  the removal of
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t h i s  much oxygen from the  atmosphere would reduce the  p a r t i a l  p ressu re  
o f  oxygen to  about  97.5%. The time r e q u i r e d  f o r  t h i s  r e d u c t io n  in p a r t i a l  
p r e s s u re  to r e t u r n  to 99% of  the e q u i l i b r i u m  va lue  would be only about s i x  
m in u te s .
A f te r  oxygen e q u i l ib r iu m  has been e s t a b l i s h e d ,  th e re  w i l l  be no n e t  
movement of  oxygen a c ro s s  the  i n t e r f a c e  excep t  in  response  to  removal of  
oxygen from the  atmosphere through a i r  b r e a t h i n g  by the  f i s h .  Oxygen so 
removed from the  atmosphere w i l l  be r a p i d l y  r ep la ced  from the  water  f low­
ing through the  system, and so e q u i l i b r i u m  w i l l  be qu ick ly  r e - e s t a b l i s h e d  
fo l low ing  an a e r i a l  b r e a t h .  I t  i s  t h e r e f o r e  r e a s o n a b le  to  assume th a t  
measurements of  d i s s o l v e d  oxygen c o n c e n t r a t i o n s  taken  between a e r i a l  
b r e a th s  of ga r s  in  the r e s p i r o m e te r  and a f t e r  the  time r e q u i re d  fo r  oxy­
gen e q u i l i b r i u m  to become r e - e s t a b l i s h e d  would r e f l e c t  r e a l i s t i c  va lues  
of  g i l l  r e s p i r a t o r y  c h a r a c t e r i s t i c s .  Values of  per  ce n t  uptake would be 
una f fec ted  s in c e  t h e se  measurements were taken  d i r e c t l y .
Although a e r i a l  gas exchange was n o t  e n t i r e l y  p reven ted  by the ex­
per im en ta l  d e s ig n ,  i t  i s  f e l t  t h a t  i t  was minimized by the f a c t  t h a t  
e q u i l ib r iu m  p a r t i a l  p r e s s u r e s  were never more than 130 mm Hg (0.17 atm) 
and were f r e q u e n t l y  as low as 0.11 atm.
I t  cannot  be den ied  t h a t  the f i s h e s  in  the  r e s p i ro m e te r  were ab le  to 
e x t r a c t  some of  t h e i r  oxygen r equ i re m en ts  from " a i r "  in  the space in  th e  
chamber and t h e r e f o r e  the  r e s u l t s  of  t h e s e  exper imen ts  concern ing oxygen 
consumption, r e s p i r a t o r y  volume and s t r o k e  volume of o percu la r  b rea th s  
may be perhaps modif ied by t h i s  s i t u a t i o n .
For purposes  of a n a l y s i s  and comparisons of  g i l l  r e s p i r a t o r y  c h a ra c ­
t e r i s t i c s ,  i t  was assumed t h a t  du r in g  p e r io d s  between a e r i a l  b r e a th s .
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uptake of oxygen from the  water  m a in ta in in g  e q u i l i b r i u m  was accomplished 
by g i l l  oxygen up take  a lo n e .  A l l  measurements were made a f t e r  s ix  min­
u te s  f o l low ing  any a e r i a l  b r e a t h s .
M etabo l ic  Rates
Because oxygen may d i f f u s e  from the w ate r  f lo w in g  through the r e s ­
p iromete r  i n t o  the space p e rm i t t e d  even though t h a t  space was i n t i a l l y  
pure n i t r o g e n ,  the c l o s e  s i m i l a r i t y  of re sponses  between groups of gars  
t e s t e d  under " c o n d i t io n e d  a i r "  and i n i t i a l  n i t r o g e n  may be exp la ined  by 
the f a c t  t h a t  by the  t ime measurements were taken ,  oxygen was a t  compar­
ab le  e q u i l i b r a t i o n  l e v e l s  between a i r  and water  in  t h e  r e s p i ro m e te r  cham­
be r ,  and n o t ,  as had been o r i g i n a l l y  supposed,  due t o  s i m i l a r  n e g l i g i b l e  
amounts of  oxygen in  the space.  The s i g n i f i c a n t l y  e l e v a te d  metabo l ic  
r a t e s  and concomitant  in c re a s e d  l e v e l s  of o p e rc u l a r  b r e a t h in g  r a t e s  and 
r e s p i r a t o r y  volumes measured in  g a r s  sub jec ted  to  a no-atmosphere s i t u a ­
t i o n  may be due,  in  p a r t ,  to r e l a t i v e l y  hypoxic o v e r a l l  c o n d i t io n s  (no 
oxygen a v a i l a b l e  f o r  a e r i a l  exchange) ,  bu t  i t  i s  f e l t  t h a t  t h e se  r e ­
sponses a re  p r i m a r i l y  due to g e n e r a l l y  in c re a s e d  a c t i v i t y  l e v e l  of the 
animals when unable to  perform a e r i a l  b r e a t h in g  motor p a t t e r n s .  Any 
h y d r o s t a t i c  f u n c t i o n  of  the  swimbladder would be a l s o  impai red ,  which 
a l s o  might produce h ig h e r  l e v e l s  of  a c t i v i t y .  P o t t e r  (1927) noted t h a t  
o pe rcu la r  b r e a t h in g  r a t e s  of  gars  whose pneumatic duct, j o i n i n g  the phar ­
ynx with  the swimbladder had been plugged,  were o n e - t h i r d  h ig h e r  than 
those  of  u n a l t e r e d  c o n t r o l  an imals .  Renfro (1968) found no s i g n i f i c a n t  
d i f f e r e n c e  in  r a t e s  of  a e r i a l  b r e a t h i n g  in  s p o t t e d  gar  a t  abou t  30 C be­
fo re  and a f t e r  s e v e r a l  hours  conf inement below the  s u r f a c e  of  the water  
a t  a d i s s o lv e d  oxygen c o n c e n t r a t i o n  of 5.5  ppm and t h a t  f i s h  so conf ined
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f o r  as  long  as 96 hours e x h i b i t e d  "no i l l  e f f e c t s " .
The s t a n d a rd  or  b a s a l  m e tabo l ic  r a t e s  of f i s h e s  a r e  d i f f i c u l t  t o  
measure (Fry 1957).  Th is  l e v e l  may be approached by d es ign ing  e x p e r i ­
ments which r e s t r i c t  t h e  movements of  the animals and minimize e x c i t a t o r y  
i n f l u e n c e s .  As F ry  s u g g e s t s ,  t h i s  c o n d i t io n  may r e f l e c t  a r o u t i n e  meta­
bolism of  the  f i s h .  Many of the s t u d i e s  d i r e c t e d  toward i n v e s t i g a t i n g  
the  e f f e c t s  of  tem pera tu re  upon m e tabo l i c  r a t e  have invo lved  c o n d i t io n s  
conducive to s tandard  or  r o u t i n e  p h y s io lo g i c a l  s t a t e s  (Winberg, 1956;
F ry ,  1957).  The m a j o r i t y  of  the i n v e s t i g a t i o n s  reviewed by these  au thors  
i n d i c a t e  t h a t  exposure to  i n c r e a s i n g  tempera tures  of  a wide v a r i e t y  of  
f i s h e s  causes  in c r e a s e s  in oxygen consumption. Such in c re a s e s  t y p i c a l l y  
fo l low  K rogh 's  "normal curve" which r e f l e c t s  a g e n e ra l  doubling  of  s t a n ­
dard  m e ta b o l i c  r a t e  w i th  10 C increments  i n  te m pera tu re  (Q^g = 2 ) .  Both 
F ry  and Winberg r e p o r t  some d im inu t ion  of v a l u e s ,  however,  with  in ­
c r e a s i n g  t e m p era tu re .  Beamish (1964) has r e p o r t e d  t h i s  t rend  in  the rm al ly  
a c c l im a ted  b u l l h e a d s ,  suckers  and ca rp .
According  to F ry ,  the  e f f e c t s  of  tempera ture  upon a c t i v e  r a t e s  of 
oxygen consumption may be q u i t e  d i f f e r e n t .  A c t ive  m e tabo l ic  r a t e s  may 
l e v e l  o f f ,  o r  even d e c l in e  a t  in c re a s e d  te mpera tu re .
Although every  a t t e m p t  was made to  m a in ta in  the  gars  in  t h i s  s tudy 
a t  r e s t i n g  s t a t e s ,  spontaneous a c t i v i t y  was e x h i b i t e d  by f i s h e s  in  the 
r e s p i r o m e t e r .  The animals were a b l e  to  maneuver a s h o r t  d i s t a n c e  f o r ­
ward and backward in  t h e  r e s p i r o m e te r  and to engage in  a e r i a l  b r e a t h in g  
movements. I t  i s  p o s s i b l e  t h a t  the me tabo li c  r a t e s  may have exceeded,  
a t  t im es ,  r o u t i n e  l e v e l s .
The dec re a se  in of  m e tabo l i c  r a t e s  from 20 C to 30 C compared
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to the va lue  a t  the 12 C to  20 C range may t h e r e f o r e  r e p r e s e n t  a normal
p a t t e r n  with rega rd  to r o u t i n e  metabolism or perhaps  i s  in f lu en ced  by
a c t i v e  m e tabo l ic  c o n s i d e r a t i o n s  which may produce a l e v e l i n g  o f f  or 
d e c l in e  a t  the 30 C p o i n t .
Saksena (1963) found t h a t  r a t e s  of  a e r i a l  b r e a t h in g  in c re ased  with  
increment in te m pera tu re ,  bu t  t h a t  a lmos t  i n v a r i a b l y  th e re  was a d ec rease  
somewhere in the 20 C to 30 C range .  Ren fro  (1968) c o r r e l a t e d  these
o b s e rv a t io n s  to the f a c t  t h a t  a c c l im a t i o n  to  tempera ture  change,  as  r e ­
f l e c t e d  by the r a t e  of  a e r i a l  b r e a t h i n g ,  seemed to  r e q u i r e  a lmos t  twice 
a s  long in  t h i s  range  of  tem pera tu re  as  a t  lower l e v e l s .
Based upon R e n f r o ' s  r e s u l t s  i t  was assumed t h a t  the two week pe r iod  
f o r  tempera ture  a c c l im a t i o n  in  t h i s  s tudy  would be adequa te ,  however,  
two s p o t te d  gar  t e s t e d  a f t e r  a c o n s id e r a b ly  s h o r t e r  term change (12 
hours)  from 20 C to 30 C e x h i b i t e d  m e tabo l i c  r a t e s  w i th i n  the  range  of  
v a lu es  ob ta ined  from f i s h  ma in ta ined  a t  30 C fo r  the  two week p e r io d .
The amount of  w ate r  t h a t  a f i s h  must move p a s t  i t s  g i l l s  to  o b t a in  
n e c e s s a ry  amounts of  oxygen f o r  i t s  m e tabo l ic  p rocesses  i s  de termined  by 
the  c o n c e n t r a t i o n  of  oxygen in  the  w ate r  r e l a t i v e  to  the r equ i re m en ts  of  
the  animal .  In c re a s e  in  r e s p i r a t o r y  volume in f i s h e s  u s u a l l y  accompanies 
lowered d i s s o lv e d  oxygen c o n c e n t r a t i o n  (Gerald and Cech, 1969; S p i t z e r ,  
Marvin and Heath,  1969).  Over the  moderate ranges  o f  d i s s o l v e d  oxygen 
c o n c e n t r a t i o n s  used in the experiments with  spo t te d  gar ,  such a r e l a t i o n ­
s h ip  i s  n o t  pronounced except  in  those animals t e s t e d  a t  30 C. Since  the 
supply of  animals was l i m i t e d  d u r in g  c e r t a i n  pe r io d s  of  the s tu d y ,  mod­
e r a t e  to  high l e v e l s  o f  d i s s o lv e d  oxygen were purpose ly  ma in ta ined  a t  
a l l  th ree  exper imenta l  te m pera tu res  to  p rec lude  the p o s s i b i l i t y  of  k i l l ­
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ing  any f i s h  due to a s p h y x ia t io n .  The e f f e c t  of  hypoxia was n o t  one o f  
the r e a l i s t i c  aims of t h i s  s tu d y .  I t  i s  p robab le  t h a t  d i f f e r e n c e s  in  the 
ranges  of  r e s p i r a t o r y  volumes among tempera tu re  groups i s  due to  the 
l e v e l  of  oxygen consumption w h i le  f l u c t u a t i o n s  of metabolic  r a t e  and 
r e s p i r a t o r y  volume observed w i t h i n  groups and among se p a ra t e  de termina­
t i o n s  fo r  i n d i v id u a l  f i s h  may be due to  changes in  d is so lved  oxygen con­
c e n t r a t i o n ,  v a r i a t i o n  in  spontaneous a c t i v i t y  and perhaps exper imen tal  
e r r o r .
Values of  per  cen t  u t i l i z a t i o n  of oxygen by g i l l  uptake by s p o t t e d  
gar a r e  q u i t e  comparable to  those  summarized by Gerald and Cech (1969) 
fo r  a v a r i e t y  of aq u a t i c  organisms (mos tly  f i s h e s ) .  F igure  6 shows the  
r e l a t i o n s h i p  of  per  cen t  u t i l i z a t i o n  to  r e s p i r a t o r y  volume of gar  t e s t e d  
a t  the  t h r e e  tempera tu res .  Such in v e rs e  r e l a t i o n s h i p s  have been demon­
s t r a t e d  f o r  t r o u t  (van Dam, 1938),  brown b u l l h e a d s ,  white suckers  and 
carp  (Saunders ,  1962). The s lo p es  of  t h e s e  l o g - l o g  r e l a t i o n s h i p s  a r e  
wel l  w i th in  the  ranges  of  those c a l c u l a t e d  by Saunders.
I t  shou ld  be noted t h a t  a t  r e s p i r a t o r y  volumes l e s s  t h a t  1-2 m l / s e c ,  
t h e r e  appea rs  to be a r e l a t i v e  co n s tan c y  of  pe r  cen t  u t i l i z a t i o n  a t  f a i r ­
ly  h igh l e v e l s .  This may be due to the r e l a t i v e  r i c h n e ss  of  oxygen in  
the v e n t i l a t i o n  water  r e l a t i v e  t o  the amount o f  oxygen be ing removed by 
the f i s h  (Appendix Table 1) .
Values o f  per  c e n t  u t i l i z a t i o n  of s p o t t e d  gar a r e  g e n e r a l l y  much 
h ig h e r  than measurements r e p o r t e d  fo r  t h e  South American lu n g f i s h ,  L e p i - 
d o s i r e n  paradoxa (Johansen and L en fa n t ,  1967) or  f o r  the A f r i c a n  form, 
P ro to p te ru s  a e t h io p i c u s  (Lenfant  and Johansen ,  1968).
Changes in r e s p i r a t o r y  volumes of f i s h e s  may be accomplished by an 






























Figure  6. Log- log  r e l a t i o n s h i p s  of  r e p i r a t o r y  volumes (Vg) to
correspond ing  va lues  of  per  c e n t  u t i l i z a t i o n  measured 
f o r  s p o t t e d  gar  a t  th ree  t e s t  t em pera tu res .  R egress ion  
l i n e s  d e r iv e d  by l e a s t  squares  method.
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tude ( s t r o k e  volume) ( S p i t z e r ,  e t  a l . ,  1969).  Spotted gar  seem to  r e l y  
p r i m a r i l y  upon changes in  s t r o k e  volume to  r e g u l a t e  r e s p i r a t o r y  volume, 
with  r a t e  changes of  secondary  importance (F igure  7 ) .  I f  s t r o k e  volume 
remained c o n s ta n t  over a range  of  r e s p i r a t o r y  volumes,  the s lopes  of  the 
r e g r e s s i o n  l i n e s  would approxim ate  zero  and i f  s t roke  volume were i n ­
v e r s e l y  r e l a t e d  to  r e s p i r a t o r y  volume, the  s lopes  would be n e g a t i v e .
On the b a s i s  of the r e s u l t s  o b ta in ed  80% to  95% of any in c re as e  noted  
i n  r e s p i r a t o r y  volume was accompl ished by increment in  s t r o k e  volume.
In  t h i s  r e s p e c t ,  s p o t t e d  gar  a r e  s i m i l a r  to  elasmobranchs (Ogden, 1945; 
Hughes and Umezawa, 1968) ,  t r o u t  (van Dam, 1938),  Neoceratodus ( Johansen ,  
Lenfant  and Grigg,  1967) and j u v e n i l e  I c t a l u r u s  punc ta tus  (Gera ld and 
Cech, 1969).
G i l l  Area
With the  e x c e p t io n  of th e  work of  P r i c e  (1931) , Hughes (1966) , Muir 
(1969) ,  Muir and Hughes (1969) and to  some e x t e n t  t h a t  of  Gray (1954) ,  
p rev ious  measurements o f  the  g i l l  a rea  of  v a r io u s  s p e c ie s  of  f i s h e s  have 
n o t  c ons ide re d  the change in  the  r a t i o  of  t o t a l  g i l l  a r e a  to  body s i z e .
In  most o t h e r  s t u d i e s ,  on ly  one o r  two specimens provided  the  b a s i s  o f  
such measurements.
D i f f i c u l t y  in  comparison a l s o  a r i s e s  from the f a c t  t h a t  s e v e r a l  
approaches  and te chn iques  have been used to  make e s t im a te s  o f  the g i l l  
s u r fa c e  a r e a s  of  f i s h e s .  Hughes (1966) s t a t e s  th a t  the measurements 
made by Byczkowska-Smyk (1957, 1958, 1959) may be g r e a t l y  i n f l a t e d  due to  
e r r o r s  i n  e s t i m a t i n g  the  a r e a s  of i n d i v i d u a l  secondary lam el lae .  George 
and Dubale (1941) and Dubale (1951) u s in g  a number of  g i l l - b r e a t h i n g  and 
a i r - b r e a t h i n g  In d ian  f i s h e s  ignored  the  a r e a s  o f  secondary l a m e l l ae  i n
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Figure  7. Log- log  r e l a t i o n s h i p s  o f  s t r o k e  volume (m l /b r e a th )  to  
r e s p i r a t o r y  volume (Vg) fo r  spo t ted  gar  a t  th r e e  t e s t  
t e m p era tu re s .
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e s t i m a t in g  g i l l  a r e a .  These workers rep o r te d  th a t  f i s h e s  t h a t  possess  
accesso ry  means of  r e s p i r a t i o n  have about h a l f  the t o t a l  g i l l  su r fa c e  
a rea  of s t r i c t l y  g i l l  b r e a t h in g  forms.
Observa tions  of  g i l l  a r e a s  of  lungf i shes  (Dipnoi) a r e  no t  q u a n t i t a ­
t i v e .  Grigg (1965) and Lenfan t ,  Johansen and Grigg (1967) r e p o r t  t h a t  
Neoceratodus f o r s t e r i  has w ell  developed g i l l s  and i s  a p p a r e n t l y  an 
o b l i g a to r y  g i l l  b r e a t h e r  al though having an a i r  b r e a t h in g  c a p a b i l i t y  
( t h i s  form does n o t  a e s t i v a t e ) .  Lenfant  and Johansen (1968) d e s c r ib e  
the  g i l l s  of  P r o t o p t e r u s  a e th io p ic u s  as " co a r se  and a t r o p h i e d " .  Johansen 
and Lenfant  (1967) r e p o r t  t h a t  the g i l l s  o f  L ep id o s i r en  paradoxa are 
g r e a t l y  reduced w i th  " g i l l  a rche s  1 and 2 -----  almost  devo id  of  g i l l  f i l a ­
ments".  These l a t t e r  two s p e c ie s  a re  known to a e s t i v a t e  i n  mud cocoons 
du r ing  pe r io d s  of  s e a s o n a l  d ro u th .  Lep idos i ren  appears  to be an o b l ig a ­
to ry  a i r  b r e a t h e r  under  most environmental  c o n d i t i o n s .  Other o b l i g a t e  
a i r  b r e a t h e r s ,  f o r  example the e l e c t r i c  e e l  (E lec t rophorus  e l e c t r i c u s ) 
have been d e s c r ib e d  as  having degenera te  g i l l  s t r u c t u r e  ( Johansen ,  1968).
P r i c e  (1931) ,  working w i th  smallmouth bass (M icropte rus  dolomieu) 
found t h a t  the  r a t i o  of  t o t a l  g i l l  area to  body weight  dec reased  with 
in c re as e  in body w e igh t  and t h a t  the r e l a t i o n s h i p  between th e se  f a c t o r s ,  
p l o t t e d  on lo g - l o g  c o o rd in a te s  suggested a s t r a i g h t  l i n e  w i th  a s lope  of  
0.785.  Muir (1969) r e p o r t e d  a s im i l a r  s i t u a t i o n  w i th  r e s p e c t  to th ree  
spec ie s  of  t u n a s ,  a s e r i e s  of  marine f i s h e s  s tu d ie d  by Gray (1954) and 
analysed by U rs in  (1967) and f o r  small numbers of  i n d i v i d u a l s  of  some 
f r e s h w a te r  s p e c i e s .  In  a more d e t a i l e d  i n v e s t i g a t i o n  of  th e  tuna d a t a ,  
Muir and Hughes (1969) demonstrated th a t  th e re  a l s o  appear to be r a t h e r  
c o n s i s t e n t  l o g - l o g  r e l a t i o n s h i p s  between body weight  and the  spac ing  of
37
secondary la m e l l a e  a long  the g i l l  f i l a m e n t s ,  the average area  of i n d i v id ­
ua l  secondary lam el lae  and t o t a l  f i l am en t  le n g th .
Double l o g a r i th m ic  p lo t s  of the g i l l  a rea  components obta ined from 
in d iv id u a l s  of  t h r e e  spec ie s  of  gars  a re  r e p r e s e n t e d  in  F igure  8. Regres­
s ion  ana ly se s  by l e a s t  squares  method was performed to  ob ta in  the i n d i ­
ca ted  r e g r e s s i o n  l i n e s  and formulas.  The genera l  formula for  a l l  of these
b
r e l a t i o n s h i p s  i s  :Y = gW~, where Y is  the va lue  of each p a r t i c u l a r  g i l l  
a r e a  component, _a i s  the  value of t h a t  f a c t o r  r e p r e s e n t e d  by one gram 
f i s h ,  W i s  body weight  in  grams and b i s  t h e  r e g r e s s i o n  c o e f f i c i e n t  
( s lo p e ) .  The lo g a r i th m ic  form of t h i s  equa t ion  i s :  lo g  Y = log_a + b log  
W.
R egress ion  l i n e s  could be f i t t e d  to  the  v a lu es  of  the va r ious  g i l l  
a rea  f a c t o r s  p l o t t e d  a g a i n s t  body weight  f o r  each s p e c ie s  of gar s epa r ­
a t e l y ,  but  F t e s t s  of  homogeneity of  the  s lopes  of  the  der ived  l i n e s  i n d i ­
ca ted  t h a t  the  d a ta  might be combined (Table 4 ) .
Muir and Hughes (1969) summarize the r e s u l t s  o f  some of the s tu d ie s  
concerning r e l a t i v e  amounts of  g i l l  s u r f a c e  a rea  f o r  wide s i z e  ranges of  
i n d i v id u a l  f i s h  of  s e v e r a l  s p ec ie s .  These va lues  and equ iva len t  da ta  fo r  
gars  a re  l i s t e d  in  Table 5. Tunas have more than 10 times the g i l l  a rea  
of  gars  a t  the  one gram l e v e l  and va lues  of  Gray 's  in t e rm ed ia tes  and 
smallmouth bass  a re  r e s p e c t i v e l y ,  th r e e  and two t imes as g r e a t .  At 100 g 
and 1000 g l e v e l s ,  the  magnitude of these  d i f f e r e n c e s  in c re ase s .  For one 
gram f i s h e s ,  the g i l l  su r face  a reas  of the  gars and the roach are almost  
i d e n t i c a l .  Due to the s t e e p e r  s lope of  the  r e g r e s s i o n  l i n e  of  the roach 
( 0 .9 0 ) ,  the g i l l  a r e a  of  t h i s  f i s h  i s  much g r e a t e r  than th a t  of  gars  a t  



































BODY WEIGHT (g )
F ig u re  8 .  Log- log  p l o t s  of  the  r e l a t i o n s h i p s  o f  t o t a l  l a m e l l a r  a rea  
and g i l l  a rea  components to body weight  f o r  s p o t t e d  gar 
(open c i r c l e s ) , sho r tnose  ga r  ( c lo s e d  c i r c l e s )  and long­
nose  gar  (+) .  S t r a i g h t  l i n e s  der ived  by l e a s t  squares  
method.
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Table 4 .  Values o f  j  (Y i n t e r c e p t - o n e  gram),  _b ( s lo p e )  and 95%
conf idence  l i m i t s  of  _b f o r  r e g r e s s i o n  equa t ions  by l e a s t  
squares  r e l a t i n g  v a r io u s  g i l l  a r e a  f a c t o r s  to  body weight  
f o r  t h r e e  s p ec ie s  of  ga rs .  The P v a lu es  a r e  the r e s u l t s  
of  F t e s t s  of  homogeneity o f  s l o p e s  among s p e c i e s .
A. Mean g i l l  f i l a m e n t  l e n g th  (mm)
a b 95% C. L.
L. p la tos tom us 0.5281 0.380 0.2953 < b  <0.4647
L. o c u la tu s 0.7330 0.316 0.1533 < b < 0.4787
L. osseus 0.6655 0.339 0.2285 < b  <0.3713
P > 0 . 2 5  n . s .
Combines 0.6569 0.340 0.3087 <b  <0.3713
B. Mean number of secondary lamellae/mm f i l a m e n t  length
a b 95% C. L.
L. p la tos tom us 31.35 -0 ,0280 -0 .0672  < b <0.0112
L. o c u la tu s 35.95 -0 .0454 -0 .0871  < b < - 0 . 0037
L. osseus 41.75 -0 .0686 -0 .1002  <bC-0.0370
P > 0 . 0 5  n . s .
Combined 38.75 -0 .0603 -0 .0767 < b < - 0 . 0439
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Table 4.  con t inued
C. Mean a re a  of i n d i v id u a l  secondary  lam el lae  (mm̂  X 10
a b 95% C. L.
L. p la tos tom us 1.887 0.427 0.245 < b  ( 0 . 6 0 9
L. o c u l a tu s 1.318 0.473 0.192 ( b  < 0 .754
L. osseus 1.865 0.411 0 . 2 4 9 ( b  <0.573
P > 0 . 5 0  n . s .
Combined 1.653 0.441 0.328 < b  < 0 .554
D. T o ta l la m e l l a r , 2, a r e a  (cm )
£ b 95% C. L.
L. p la tos tom us 2.952 0.796 0.6975 < b  <0 .8951
L. o c u l a tu s 3.342 0.754 0 . 5 8 6 6 < b (  0.9210
L. osseus 4.787 0.698 0 . 5 2 6 8 < b <  0.8700
P > 0 .1 0  n . s .
Combined 3.936 0 .738 0.6694 < b < 0 . 8066
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Table 5 .  Comparison of  t o t a l  g i l l  a r e a s  (cm ) of  gars  with  o the r
s p e c i e s  o f  f i s h  (Muir and Hughes, 1969) a t  s i z e  i n t e r v a l s ,  
based upon r e g r e s s i o n  l i n e s .
Body Weight
1 g 100 g 1000 g
S k ip ja c k  tuna 52.18 2620 18400
Y el lowf in  and b l u e f i n  tunas 40.25 2000 14380
Gray 's  in t e rm e d i a te s * 13.92 600 3990
Smallmouth bass 8.65 330 1960
Roach 3.98 190 1290
Combined-gars 3 .94 120 660
* S ev e ra l  s p e c i e s  of  marine f i s h e s  t h a t  Gray c l a s s i f i e d  as  i n t e r m e d i a t e  
i n  g e n e ra l  a c t i v i t y  and r e l a t i v e  amount of g i l l  s u r f a c e  a r e a .
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Using va lues  f o r  one gram f i s h e s ,  tunas have approximate ly  10 t imes
the t o t a l  f i l am en t  le ng th  of  gars  and smallmouth bas s .  Bass e x h i b i t  1.3
t imes the t o t a l  f i l am en t  le n g th  of g a r s .  At t h i s  s i z e  l e v e l ,  gars  have
about 40 secondary lamellae/mm f i l a m e n t  length  compared to 80/mm in bass
and up to 120/mm in  tunas .  The lowest  value  r ep o r te d  by Gray was 22/mm
f o r  a 305 g to a d f i s h .
Average a r e a s  o f  i n d i v id u a l  secondary  lamellae  of  gars  (one gram)
2
a r e  in t e rm ed ia te  between v a lu e s  fo r  tunas (0.009 mm ) and bass  0.04 
2
mm ) .
In  g e n e ra l ,  a c t i v e  s p e c ie s  of f i s h  have more secondary la m e l l a e ,  
which a r e  sm a l l e r ,  bu t  more c l o s e l y  spaced ,  than more s lugg ish  forms 
(Muir and Hughes, 1969). By these  c r i t e r i a ,  gars  would f a l l  i n  the 
s lu g g i s h  ca tegory ,  which conforms to  the  genera l  behavior u s u a l l y  des­
c r ib e d  f o r  these  animals (Hubbs and L a g l e r ,  1947), al though they may be 
q u i t e  a c t i v e  while  feed ing  and spawning.
Gars possess  g r e a t l y  reduced g i l l  su r face  a rea s  compared to  equiva­
l e n t  s i z e ,  h ig h ly  a c t i v e  s p e c i e s ,  b u t  only  s l i g h t l y  l e s s  g i l l  a rea  than 
some s lu g g i s h  forms; e . g . ,  ca rp ,  brown bul lhead and white sucker (Saunders ,  
1962). These l a t t e r  th re e  spec ie s  have  approximate ly  the same numbers of 
secondary  lamellae/mm f i l a m e n t  leng th  as do g a r s .
T h e o re t i c a l  Limit s  of Oxygen D i f fu s io n  Through The G i l l s
The r a t e  a t  which oxygen may d i f f u s e  from the v e n t i l a t i o n  f l u i d  in t o
the  blood p e r fu s in g  the secondary la m e l l a e  of the g i l l s  may be descr ibed
by the formula:  ~ (D)(A)/d "Ap^^/ZbO; where D i s  the d i f f u s i o n
-5 2
c o n s ta n t  of oxygen (3 .4  X 10 cc 0^ cm/cm /min/  atmosphere a t  20 C in
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pure w a t e r ) ,  A i s  the  g i l l  su r fa c e  a rea  in  cm , d i s  the average d i f f u ­
s ion  d i s t a n c e  between water  and blood andAp^^/JSO is  the  r a t i o  of  the 
mean p a r t i a l  p r e s s u r e  d i f f e r e n c e  in  mm Hg of oxygen between water  and 
blood a t  the  g i l l s  to  the p r e s s u re  of pure  oxygen a t  S.T.P.
R e a l i s t i c a l l y ,  the  va lue  of  the d i f f u s i o n  c o n s ta n t  would be somewhat 
l e s s  than t h a t  s t a t e d ,  s in ce  the v e n t i l a t i o n  and p e r fu s io n  f l u i d s  a re  
no t  pure wate r  and p a r t  of the  d i f f u s i o n  medium is  e p i t h e l i a l  or con­
n e c t iv e  t i s s u e  o f  th e  secondary lam e l l ae .  The va lu e  _d has been e s t i ­
mated as be ing  from one -ha l f  (Hughes, 1966) to  o n e -q u a r t e r  (Saunders,  
1962) the d i s t a n c e  between secondary la m e l l a e .
Water and blood flows a t  the r e s p i r a t o r y  s u r f a c e s  o f  f i s h e s  have 
been d e s c r ib e d  as  c o u n t e r - c u r r e n t  (van Dam, 1938; Haze lhof f  and Evenhuis,  
1952), so t h a t  p a r t i a l  p r e s s u re  g r a d i e n t s  between water  and blood a re  
maximized along the  lengths  of  the secondary  l a m e l l a e ,  thus  f a c i l i t a t ­
ing oxygen d i f f u s i o n .
A 500 g gar  has a t o t a l  e f f e c t i v e  g i l l  s u r f a c e  area  of  about  385
2
cm , and _d, equal to  o ne-quar t e r  the  d i s t a n c e  between a d j a c e n t  l am e l lae  
i s  about 1 .9  X 10“^ cm. Oxygen consumptions of  spo t te d  gar  a t  20 C were 
g e n e ra l ly  between 0 .3  and o .4  cc O^/min. Minimal va lues  of  AP^^ rang ing  
from 33 to  44 mm Hg must be p r e s e n t  to permi t  t h i s  magnitude of oxygen 
d i f f u s i o n  through the  g i l l s .  Higher r a t e s  of  oxygen consumption would 
r e q u i r e  l a r g e r  v a l u e s  o fAP^g .
No in fo rm at ion  e x i s t s  as  to the  changes t h a t  a c t u a l l y  may occur in 
the p a r t i a l  p r e s s u re  of oxygen in  the  blood of  gars  as i t  moves through 
the c a p i l l a r y  blood space of  the secondary l a m e l l a e .  Smith (1968) 
r e p o r t s  t h a t  the oxygen c a p a c i ty  of whole blood of s p o t te d  gar i s  almost
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16 vo l  % (160 cc 0^/1000 ml) a t  150+ mm Hg, which i s  q u i t e  h igh  fo r  f i sh  
blood,  b u t  lower than some values  t h a t  have been r e p o r t e d .  However,
Smith c o n s t r u c t e d  oxygen d i s s o c i a t i o n  curves fo r  hemoglobin s o lu t i o n s  of 
gar blood which seem t o  i n d i c a t e  s a t u r a t i o n  of hemoglobin a t  oxygen par ­
t i a l  p r e s s u r e s  in  excess  of  20 mm Hg, but  a t  c o n c e n t r a t i o n s  of  only about 
6 vo l  %. Smith o f f e r s  no exp lan a t io n  fo r  these  r e s u l t s .
According  to  Rahn (1966),  v e n t i l a t i o n / p e r f u s i o n  r a t i o s  of f i s h e s  
have been c a l c u l a t e d  i n  a range o f  15-20, t h a t  i s ,  th e  amount of  water  
t h a t  a f i s h  passes  over i t s  g i l l s  is  15-20 times g r e a t e r  tha n  the  volume 
of blood p e r f u s i n g  th e se  s t r u c t u r e s  pe r  u n i t  t ime.  I f  i t  i s  assumed th a t  
a l l  blood must pass through the g i l l s  in each c i r c u i t ,  then the pe r fu s ion  
r a t e  i s  equa l  to  c a r d i a c  ou tpu t .  The ge n e ra l i z e d  gar  a t  20 C desc r ibed  
p r e v io u s l y  might  e x h i b i t  r e s p i r a t o r y  volumes in a range  of  1 to  3 ml/sec 
or 60 to  180 ml/min,  which would r e f l e c t  c a rd i a c  o u tp u t s  r a n g in g  from 
12 to 3 ml/min depending upon the v/p r a t i o .  A p p l i c a t i o n  o f  the  i n d i r e c t  
P ick  p r i n c i p l e :  c a r d i a c  ou tpu t  = ( c o n c e n t r a t i o n  of  oxygen in  a r t e r i a l  
blood minus t h a t  of  venous blood) (F lo re y ,  1966);  t o  those  t h e o r e t i c a l  
va lues  of  c a r d i a c  o u tp u t ,  a t  oxygen consumptions of  0 .3  to  0 . 4  cc O^/min, 
y i e ld s  e s t i m a t e s  of  t h e  oxygen c o n c e n t r a t i o n  d i f f e r e n c e  of  blood on e i t h e r  
s id e  of  the  g i l l  c i r c u l a t i o n  of  2 to 13 v o l  %. I f  i t  i s  f u r t h e r  assumed 
t h a t  th e  p a r t i a l  p r e s s u r e  of oxygen o f  blood j u s t  e n t e r i n g  the  g i l l s  from 
the h e a r t  i s  e s s e n t i a l l y  zero ( c o n c e n t r a t i o n  = 0 ) ,  and t h a t  in t r a n s i t  
through the  secondary lamel lae  the  blood picks up enough oxygen to  meet 
the demands of the  a n i m a l ' s  me tabo l ic  a c t i v i t y ,  a p a r t i a l  p r e s s u r e  in ­
c rea se  to only  about  10 mm Hg may occur i f  the p e r f u s i o n  r a t e  i s  as high 
as 12 ml/min.
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T h e o r e t i c a l l y ,  a 500 g gar  may be a b l e  to e x t r a c t  a l l  of  i t s  oxygen 
requ i rements  f o r  " r o u t i n e "  metaboli sm a t  20 C v i a  g i l l  d i f f u s i o n  a lone  i f  
the p a r t i a l  p r e s s u r e  of  oxygen in  the  ambient  water  i s  in excess of  about  
60 mm Hg (2 ,5  cc 0^/1  a t  S .T .? , ) .  I t  shou ld  be s t r e s s e d  t h a t  th e se  com­
p u t a t i o n s  a re  based upon q u e s t i o n a b le  o bse rva t ions  of  blood-oxygen r e l a ­
t i o n s h i p s  of  ga r s  and upon e s t i m a t e s  of  c a rd i a c  ou tpu t  and changes in 
oxygen p a r t i a l  p r e s s u r e  of  blood p e r f u s i n g  the g i l l s  t h a t  a re  w i thou t  
a c t u a l  e m p i r i c a l  suppor t  with s p e c i f i c  r e g a rd  to gars .
F i s h  may respond  to  hypoxic c o n d i t i o n s  in s e v e r a l  ways (hypoxia r e ­
f e r r i n g  to the  supp ly  of oxygen r e l a t i v e  to  the me tabo lic  demands of the  
an im a l ) .  The f i s h  may pump g r e a t e r  amounts of water  over the g i l l s ,  
m a in ta in in g  a h ig h e r  r e l a t i v e  p a r t i a l  p r e s s u re  g r a d i e n t  by red u c in g  the 
per c e n t  up take of  oxygen,  a l though  t h i s  would in c re a s e  the energy expend­
i t u r e  o f  the  an imal .  F i sh  may e x h i b i t  a r e d u c t io n  i n  a c t i v i t y  and oxygen 
consumption,  and th e r e  a r e  some forms,  _e._g. c a t f i s h  and ca rp ,  t h a t  may 
s h i f t  t o  a g r e a t e r  dependence upon an e ro b ic  processes  in  response  to 
temporary,  s ev e re  hypoxia (Gerald  and Cech, 1969),  or  by moving to  an 
a rea  w i th  a h ig h e r  oxygen c o n c e n t r a t i o n .
Gars and o th e r  a i r - b r e a t h i n g  f i s h e s  have y e t  ano the r  avenue open to  
them i f  exposed to  hypoxic w a te r s .  These forms may take in a tmospher ic  
oxygen, the p a r t i a l  p r e s s u r e  of  which i s  u s u a l ly  q u i t e  h ig h ,  through 
acces so ry  r e s p i r a t o r y  s u r f a c e s .
CHAPTER V 
SUMMARY
Gars depr ived  of access  to  an atmosphere e x h i b i t e d  e leva ted ,  long­
term l e v e l s  of  a c t i v i t y  and oxygen consumption which were a l l e v i a t e d  by 
the  presence  of  an a i r - w a t e r  i n t e r f a c e .  Such a p ro v i s io n  permits  a c e r ­
t a i n  degree of  a e r i a l  gas exchange r e g a r d l e s s  of the  i n i t i a l  composit ion  
of  gasses  in  t h a t  atmosphere.
At 12 C, m e tabo l ic  r a t e s  of  s p o t t e d  gar  averaged about 20 cc 0^ /  
k g / h r ,  with r e s p i r a t o r y  volumes u s u a l l y  l e s s  than 2 ml/sec.  Values of 
p e r  cen t  u t i l i z a t i o n  o f  a v a i l a b l e  oxygen in the ambient  water were as 
high as  80%, with  most measurements g r e a t e r  than 30%.
F i s h  t e s t e d  a t  20 C e x h i b i t e d  mean m e tabo l ic  r a t e s  of abou t  à l  cc 
0 2 / k g / h r ,  r e s p i r a t o r y  volumes g e n e r a l l y  between 1 and 3 ml/sec and per 
ce n t  u t i l i z a t i o n  as  high as  72%.
At 30 C average v a l u e s  of  m e tabo l ic  r a t e s ,  r e s p i r a t o r y  volumes and 
per  ce n t s  u t i l i z a t i o n  were 53 cc Og/kg/h r ,  3 to 22 ml /sec  and l e s s  than 
40% r e s p e c t i v e l y .
Per cen ts  u t i l i z a t i o n  were in v e r s e l y  p r o p o r t i o n a l  to r e s p i r a t o r y  
volumes. I n c r e a s e  in r e s p i r a t o r y  volume was accomplished p r im a r i l y  by 
in c r e a s e  in s t r o k e  volume of the o percu la r  b r e a t h s ,  with opercular  r a t e  
hav ing  a minor e f f e c t .
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The s t r u c t u r e  of  the g i l l s  of  gars  i s  s i m i l a r  to t h a t  of o th e r  
t e l e o s t s .  The g i l l s  do no t  e x h i b i t  the extreme degrees  of  a t rophy  tha t  
e x i s t s  in  some o f  the lung f i shes  and o the r  a i r - b r e a t h i n g  forms.
The g i l l  components of gars fo l low the  same p a t t e r n s  of  development 
du r ing  growth i n  s i z e  t h a t  has been demonstrated in  a v a r i e t y  of  s t r i c t l y  
g i l l - b r e a t h i n g  f i s h e s  and g i l l  area  i s  comparable in  s i z e  to  t h a t  of  
some s lugg ish  forms.
Although th e  g i l l  a r e a  of gars  i s  g r e a t l y  reduced compared to  more 
a c t i v e  s p e c i e s ,  i t  appears to be l a rg e  enough and d i s t r i b u t e d  in  such a 
way as  to  perm i t  s u f f i c i e n t  oxygen d i f f u s i o n  to meet the r o u t i n e  r e q u i r e ­
ments of the se  an imals  a t  moderate d i s s o lv e d  oxygen c o n c e n t r a t i o n s .
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APPENDIX
Appendix Table 1, Respiratory characteristics of spotted gar tested in the respirometer
w ith  an a tmosphere p r e s e n t  a t 12 C, 20 C and 30 C.
F ish  No. Body Weight C1 O2 ^e02 Vg 7„U V0 2 OR S tro k e  Vol.
(g)
( a t  12 C) (cc /1 ) (cc /1 ) (m l /sec ) (cc 0 2 / k g / h r ) (B/min) (ml/B)
#5 2 9 0 6.36 2 .56 0 .20 59.7 9.42 12 1.00
6.36 2.25 0 .10 64.5 5.07 11 0 .55
6.06 2.21 0 .33 63.5 15.68 11 1.80
5.64 2.17 0 ,39 61,5 16.70 12 1.95
#7 480 5.93 4.47 1.58 24,7 17.29 17 5,58
5.84 3.51 0.62 39 ,9 10.81 14 2.66
5.72 4 .09 0.94 28,5 11,46 12 4.70
5.00 3.51 1.33 29.7 14.76 11 7.25
#10 420 5.82 1.73 0 .40 70,3 13,92 15 1.60
5.77 1.45 0 .28 74.9 10.20 16 1.05
5.80 1.18 0 .15 79.7 6.09 13 0 ,69
4 .42 1.13 0 .80 74.4 22.61 16 3,00
# 1 1 *  310 5.52 2.76 1.31 49 .9 41 .79 22 3.57
5.22 2.23 1.20 57.2 41.38 20 3.60
4.51 2.49 3.24 44.7 54,55 27 5,20
3.82 1 . 9 2 1.86 49.7 40,81 2 9 3.85
#12 600 6.18 5.87 6.55 5.1 12.34 16 24.56
5.68 5.32 8.69 6 .3 18.56 17 30.67
5.17 3.97 2.01 23.1 14.39 2 9 4 .16
3.32 2.60 4 .54 23 ,9 22,24 30 9.08
* F ish  #11 d ie d two days a f t e r  i t s use in  the ex per im en t
Ui
Appendix Table 1, continued
F ish  No. 






( cc /1 )
^8 
(m l /sec )
7„U V02
(cc O g /kg /h r )
OR
(B/min)
S t ro k e  Vol.  
(ml/B)
#4 570 4.22 1.84 2.91 56.4 43.58 18 10.60
3.89 1.23 2.08 68.3 34.81 21 5 .94
3.28 0 .99 2.51 6 9 . 9 36.15 24 6 .28
2.79 0 .7 9 2.06 71.9 26.00 22 5.62
#5 2 90 5.03 2 .23 1.50 55.7 51.99 22 4 .09
4.90 2 . 3 5 1.48 52.0 46.33 24 3.70
4 .90 2. 58 0.81 47.4 23.36 23 2.11
4.52 2 . 2 0 1.09 51.2 31.23 25 2.62
3 . 28 1.67 1.18 55.9 30.84 30 2 .36
#7 480 4 .68 1. 32 2 . 21 71.7 55.53 27 4.91
4 .28 1.64 3.14 61 .6 61.97 32 5 .89
4.16 1.69 2 . 2 3 59.3 41 .20 30 4 .46
3.86 1.55 1 . 92 63 ,4 35.18 29 3.97
#6 500 4,83 4.41 15.38 8.7 46.37 26 3 5 . 4 9
4 .42 3 .63 6.34 21,5 45 .24 25 15.22
4 .24 3.31 6.09 21 .9 40.71 28 13.05
3.36 1.82 5.00 40 .0 48 .24 33 9.09
Ln
Appendix Table  1. con t inued
F ish  No. 








(m l /sec )
%U
(cc O g/kg /hr )
OR
(B/min)
S t ro k e  Vol.  
(ml/B)
#5 290 4 ,18 2.75 3.91 30.9 59,56 27 8 .69
4 .18 2.65 3 .03 33,4 49,82 32 5.68
3.81 1.90 2 .14 50,2 50.56 34 3,78
3.62 1. 92 2 .06 47.0 43.32 34 3.64
3.35 2.35 3 .26 29,7 40,06 34 5.75
#7 480 4.03 2 . 9 8 5.17 25.9 40.32 36 8 .62
3.81 2,86 6.71 25.0 47,77 36 11.18
3,39 3.16 3 6 . 9 0 6.8 63.74 50 44.28
2.84 2.60 3 7 . 6 0 8 . 9 64.95 50 45.12
#15 410 3.53 2.69 5 .56 32.1 55.20 35 9,53
3.21 2,34 7.20 27.2 55,16 35 12.34
2 . 86 2.20 9.90 23.0 57.03 38 15.63
2.18 1.75 15.20 • 19.9 57.75 41 22.24
The p a r t i a l p r e s s u r e  of oxygen = 0,,76/o< X the  c o n c e n t r a t i o n of oxygen (cc O g / l ) ,  where i s  the
s o l u b i l i t y or "Bunsen" c o e f f i c i e n t of  oxygen in  w ate r Values o f  oC a t  12 C, 20 C and 30 C a re
UiLn
0 ,0364 ,  0.0310  and 0,0261 r e s p e c t i v e l y .
